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  The potential for a catastrophic global influenza pan-
demic has brought about much apprehension regarding 
large-scale management and advance life support treat-
ments. Recent consortium data shows that the pandemic 
H1N1 viral influenza is the most dominant strain that is 
currently circulating throughout the modern world, with 
399,218 laboratory confirmed cases as of January 23, 2010 
(1). The H1N1 virus was first detected in people of the 
United States in April of 2009 (2); and on June 11, 2009, the 
World Health Organization (WHO) declared that a global 
pandemic of H1N1 was underway (3). Current indicators 
predict that in the event of a pandemic surge; between 
12–30% of the global population will develop clinically 
diagnosed pandemic influenza as compared to 5–15% of 
the population typically infected with the seasonal strain 
of influenza (4,5). In many cases, patients presenting with 

clinically diagnosed H1N1 are likely to require hospitaliza-
tion and advanced critical care such as ventilator support 
and extracorporeal life support (ECLS). Predictions esti-
mate that 4% of all H1N1 patients will require hospitaliza-
tion, and one out of every five hospitalized will present in a 
manner commanding critical care (4,5). 

 According to the Centers for Disease Control (CDC), 
there have been inaccurate estimations regarding H1N1 
related deaths. Misleading estimations can be attributed to 
incomplete testing, erroneous test results, and inaccurate 
diagnosis. Additionally, the CDC does not know exactly 
how many people are infected with seasonal influenza each 
year. Statistical methods are commonly used to estimate 
the annual number of seasonal influenza related deaths 
(2). However, unlike seasonal influenza A which usually 
infects immune compromised individuals, H1N1 seemingly 
affects young and otherwise healthy individuals with no 
obvious immune suppression (6,7). 

   Microbiology of Influenza 
 Influenza A is the most prevalent of the five genera in 

the family Orthomyxoviridae and includes many different 
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subtypes (1). The most common subtypes include the pan-
demic H1N1, avian H5N1, and seasonal H3N2 strains (8,9). 
Influenza type A viruses are initially characterized by their 
eight negative-sense single-strand ribonucleic acid (RNA) 
segmented genomes (10). They are further classified by 
the sub-typing of their surface glycoproteins that include 
the hemagglutinin (HA) and neuraminidase (NA) glyco-
proteins (11). Standard nomenclature relating to influenza 
virus identification considers the species from which it was 
isolated, the location of isolation, isolate number, isolate 
year, and specifically for the type A influenza, it’s HA and 
NA subtype (12). Currently, there are multiple genetically 
unique subtypes that have been isolated from circulating 
influenza A viruses; there are 16 HA subtypes and 9 NA 
subtypes (8). Though there are many different subtypes, 
only three HA (H1, H2, and H3) and two NA (N1, N2) 
have been documented as causative of human epidemics 
with respect to widespread, sustained human-to-human 
transmission (11). 

 The influenza A genome consists of an eight-segment 
genome, which predisposes the virus to an increase in fre-
quency of antigenic shifts amongst different subtypes of 
influenza A (12). Antigenic shifts are major changes due 
to the recombination of genes that are typically posses-
sive of pandemic capabilities (13). As a result of a shift, the 
virus may develop completely new antigenic properties 
of which the human population is highly vulnerable and 
immunologically naïve (13). Pandemic H1N1, also called 
swine origin influenza virus, is a reassortant virus made 
up of two swine strains, one human strain, and one avian 
strain (14,15). The name swine flu came about because the 
initial antigenic shift took place in the swine population. 
Different influenza A strains infected a pig, and it acted as 
a genetic mixing vessel for the reassortant of the various 
strains which yielded the pandemic H1N1 virus. The reas-
sortant pathogen may be remarkably virulent, spreading 
easily from person to person and eventually progressing 
to a global pandemic, as seen with the H1N1 strain (12). 
Antigenic drift, which is less serious than antigenic shift, is 
caused by minor mutations that take place within a partic-
ular strain. Due to antigenic drift, new vaccines are needed 
annually to provide active immunization against mutated 
influenza A strain (13,16). The current H1N1 virus is very 
similar to previous strains that have been documented 
throughout history, but over time there have been enough 
antigenic shifts to render previously used vaccinations use-
less. Researchers are still uncertain as to the exact time 
in which the genetic re-assortment that created the 2009 
H1N1 influenza virus occurred (17). 

 Influenza A virions are approximately 100 nm in diam-
eter and 300 nm in length. Each virion is enclosed in a 
host cell-derived lipid membrane that is made up of HA 
and NA glycoprotein projections that appear in a 4:1 ratio 
as well as matrix (M2) ion channels (11,18). Within the 

envelope, M1 matrix is responsible for enclosing the virion 
core that houses the nuclear export protein (NEP) and the 
ribonucleoprotein (RNP). The NEP and RNP both consist 
of viral RNA segments coated in nucleoprotein and RNA 
polymerase molecules that allow the virus to replicate once 
viral entry of the host cell takes place (12). 

   Influenza Pathophysiology 
 Influenza virions recognize a potential host cell by 

detecting the presence of N-acetylneuraminic acid conju-
gate sites on the host cell surface (12). N-acetylneuraminic 
acid, also known as sialic acid, is a nine-carbon monosac-
charide that is found on nearly all animal cells, and it is the 
site at which the HA viral glycoprotein binds to the host 
cell (12). Carbon-2 of the terminal end of a sialic acid mol-
ecule on a potential host cell preferentially binds to the 
carbon-3 or carbon-6 of a galactose molecule, forming 
either an alpha-2,3 or alpha-2,6-linkage which are both spe-
cifically recognized by the HA membrane protein found 
on Influenza A virions (12). 

 In ducks and other avian species, the alpha-2,3 linkage 
is more common than the alpha-2,6 linkage and is pri-
marily found in the epithelial tissues of the gut (19,20). 
Conversely, in humans the alpha-2,6 configuration is found 
more often in the upper respiratory tract, and the alpha-2,3 
linkage tends to be found deep within the lungs and alve-
oli (21,22). Avian influenza (H5N1) has a lower efficacy in 
humans due to its association with and, higher affinity for, 
the alpha-2,3 linkage-binding site (21,23). For the virus to 
reach the human analog alpha-2,3 linkage, it would have to 
be transmitted deep within the lungs to the alveoli, an area 
difficult for airborne viral particles to access. The small per-
centages of avian influenza infections currently on record, 
ubiquitously present with severe pneumonia, resulting in a 
60% mortality rate (24). 

 One reason that humans are so susceptible to the H1N1 
(swine flu), as opposed to the H5N1, is that the H1N1 
strain of influenza A commonly binds to the alpha-2,6 
receptors which are located in the upper respiratory tract 
of humans, making it a much more readily accessible target 
(8). Once an influenza virion recognizes a potential host 
cell and attachment takes place, viral entry begins by a 
process known as receptor-mediated endocytosis (25). The 
viral envelope fuses with the host cell membrane, and M2 
proteins, which are specific to the influenza virus (12), form 
ion channels between the virus and host cell. The M2 ion 
channels allow for the passage of RNPs from the virion 
into the cellular matrix of the host cell (26), making it pos-
sible for viral uncoating to take place (27,28). Once the 
RNPs are released into the host cell’s cytoplasm, they are 
incorporated into the nucleus with the help of viral pro-
tein nuclear localization signals (29). The viral RNA then 
commandeers the host cell and replicates, creating more 
virions that bud off from the host cell to infect additional 
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cells (13). Autopsy of pandemic H1N1 infected lung tis-
sue revealed severe intra-alveolar edema, alveolar hemor-
rhage, erythrophagocytosis, and prolific hyaline membrane 
formation (9,30). 

 Traditional methods for classifying a suspected influ-
enza infection included isolating the virus from field sam-
ples using embryonated chicken eggs or by performing 
an antigen-capture enzyme-linked immunosorbent assay 
(ELISA) test. An enzyme immune assay (EIA) may also 
be used for bedside diagnosis of flu like symptoms; but it is 
not sensitive enough to decipher between different strains 
of influenza A, and therefore it is not used when H1N1 is 
suspected (31). Additionally, the use of fluorescent anti-
body technology has also been used, but along with the 
ELISA and the EIA, it cannot differentiate between the 
various strains of influenza A virus (32). 

 To tell the difference between seasonal influenza A and 
the pandemic H1N1 influenza, a real-time reverse-tran-
scriptase polymerase chain reaction (RT-PCR) assay is 
used (33). Typically the RT-PCR assay has been effective 
at classifying the specific strain of influenza A with a 95% 
confidence interval, which contributes to better diagnosis 
and improved treatment options (15). The RT-PCR test 
usually has about a 48-hour turn-around time when testing 
equipment can be used locally (31). Another less widely 
used method of further classification includes the use of an 
electrospray ionization mass spectrometry (15). 

   Pharmacological Interventions 
 The class of anti-influenza A drugs known as aman-

tadines were developed to specifically target the M2 ion 
channel protein of the viral membrane (28). The goal of 
this drug class was to block the function of the M2 ion chan-
nels, which would slow the transmission of viral RNPs into 
the host cell, as well as depress viral un-coating (27). The 
2009 H1N1 influenza A strain possesses the genetic marker 
S31N which is indicative of amantadine resistance (34). 

 An alternative group of drugs that the virus appears to 
be sensitive to, targets the NA glycoproteins of the virion 
as opposed to M2 proteins. The NA proteins assist the 
virus by breaking down mucins in the respiratory tract, 
which makes the host cell epithelium more penetrable. 
Neuraminidase inhibitors help to block the ability of the 
NA proteins to break down mucins in the respiratory 
epithelium, diminishing the infectivity of the virus (12). 
A couple mildly effective prescription anti-viral medica-
tions that seem to lessen the effects of the H1N1 virus 
include the anti-virals oseltamivir (Tamiflu ® ) and zana-
mivir (Relenza ® ) (31,35). Studies show that it is of par-
amount importance that early initiation of appropriate 
antiviral treatments such as oseltamivir or zanamivir be 
used, and empirical antiviral treatment is advised for all 
hospitalized patients with suspected H1N1 infections 
(36–38). 

 All current treatments emphasize prevention and focus 
on immunization and public reduction of exposure by 
implementation of infection control (39). The primary com-
ponent in currently licensed influenza virus vaccines is HA 
surface glycoproteins from the influenza A virus (34). By 
injecting these surface antigens into the body, active immu-
nity creates antibodies which will subsequently defend 
against future viral infections of the particular strain pre-
sented in the vaccine   . Aside from vaccines according to the 
CDC, hand washing should help to prevent the spread of 
influenza. The use of ethanol hand sanitizers that are at 
least 60% ethanol by volume, have also shown to slow the 
spread of the virus. 

 Reports have shown that in immune compromised hosts, 
pandemic H1N1 can become drug resistant. Oseltamivir-
resistant sub-strains of H1N1 in patients with subopti-
mal immune systems need to be carefully considered. 
Continued administration of the medication may lead to 
the emergence of additional resistant virions, compro-
mising the potential patency of viable treatment options 
(40). Pandemic H1N1 oseltamivir resistant influenza can 
emerge as a result of genetic reassortment with seasonal 
H1N1, due to the fact that seasonal H1N1 is regularly resis-
tant to the drug (8). The WHO and the Global Influenza 
Surveillance Network have reported 31 cases as of March 
2010 of H1N1 viruses that show the H275Y mutation, con-
ferring resistance to the anti-viral oseltamivir. 

   Symptomatic Presentation, Risk Factors, and 
Comorbidity Management 

 Initial infection of pandemic H1N1 is associated with 
symptoms of headache, nasal congestion, fatigue, pyrexia, 
vomiting, and diarrhea, all of which usually begin within a 
week of initial exposure (17). Once infected, the individual 
remains communicable for approximately 8 days follow-
ing the onset of symptoms (41). The severity of symptom-
atic presentation ranges from mild to severe depending on 
the hosts comorbidities, immune system, and age. H1N1 is 
particularly dangerous for people who have one or more 
previously underlying medical conditions such as preg-
nancy, diabetes, heart disease, obesity, asthma, and kid-
ney disease. According to the CDC, approximately 70% of 
H1N1 patients hospitalized have had one or more preex-
isting medical conditions, placing them in the high-risk cat-
egory with potential serious complications such as septic 
shock. In addition, the very young and elderly are consid-
ered high-risk individuals (42). 

 The most devastating manifestation of pandemic H1N1 
infection includes rapidly progressive acute respiratory 
distress syndrome (ARDS), acute lung injury (ALI), and 
the subsequent multiple system organ failure due to severe 
hypoxemia (43). ARDS is typically caused by pneumo-
nia, aspiration of gastric contents, sepsis, multiple blood 
product transfusion, as well as some other less common 



 EXTRACORPOREAL LIFE SUPPORT FOR PANDEMIC INFLUENZA 271

JECT. 2010;42:268–280

factors (44). Prolonged hospital stays associated with ARDS 
and H1N1 commonly increase exposure to the nosocomial 
infections  Streptococcus pneumoniae  and  Staphylococcus 
aureus , which further complicate treatment and recovery 
(33). According to the Journal of Heart and Lung trans-
plantation (31) and the CDC, to minimize viral infectivity, 
patients should be placed in isolation and all health care 
interactions should be governed by droplet precaution 
protocol, as well as the use of personal protective equip-
ment (PPE), including respiratory protection such as the 
N95 1860/1860s or 1870 (3M, St. Paul, MN)   . The CDC rec-
ommends this equipment as a means of protection against 
particulate aerosols that might contain viral material. The 
N95 mask is not oil resistant and it filters 95 percent of par-
ticulate matter that is as small as .3 microns in size mass 
median aerodynamic diameter (42,45). When using this 
equipment, it is imperative that it is properly fit tested and 
users are trained to attain optimal protection. In addition 
to respirators, infection control should be maintained at a 
high standard to prevent against widespread nosocomial 
transmission of infection, as was seen in the spring 2003 
severe acute respiratory syndrome (SARS) outbreak in 
Canada (46). In an attempt to attenuate viral transmission, 
several sources (31,47,) suggest that health care workers 
who may come in contact with potentially infected patients 
should get vaccinated for the pandemic H1N1 influenza 
virus; as well as the seasonal virus as soon as vaccinations 
become available. 

 In severe cases of ARDS, lung function often stops alto-
gether for days or weeks and may take up to a month to 
possibly regain adequate function. The pathophysiology of 
ARDS leads to severe inflammation of the lungs and pul-
monary edema, which drastically impairs gas exchange. In 
addition, pandemic H1N1 can result in pulmonary hyper-
tension, alveolar atelectasis, decreased surfactant produc-
tion, and increased respiratory straining. All of these factors 
result in hypercapnea, hypoxia, and acidosis, which eventu-
ally lead to total lung dysfunction and multi-system organ 
failure. By utilizing loop diuretic therapy with a continuous 
infusion of furosemide or bumetanide, hypoxia due to pul-
monary edema can be attenuated (43). Furthermore, stud-
ies show that by placing the patient in the prone position 
improved oxygenation and reduced pulmonary edema can 
be achieved (48,49). In addition, some studies (50) have 
shown that the use of inhaled nitrous oxide has improved 
alveolar ventilation and vasoregulation. Inhaled prosta-
cyclin has also been shown to be effective in attenuating 
the effects of pulmonary edema associated with ARDS 
and ALI (51). Other beneficial treatments for lung injury 
include maintaining a positive end expiratory pressure 
(PEEP) of at least 10 cm H 2 O while the patient is on ven-
tilator support (52). PEEP maintains alveolar flexibility 
and inflation, which both contribute to better gas exchange 
and reduced fluid recruitment (53). Additionally, studies 

have shown that PEEP prevents alveolar over distention 
and permanent injury caused by the repetitive opening and 
closing of the alveoli (54). 

 To allow time for the restoration of lung function, a 
patient with pulmonary dysfunction that cannot be man-
aged using a ventilator, can be supported by extracorpo-
real membrane oxygenation (ECMO). ECMO allows the 
patient to maintain adequate body perfusion while the 
lung tissue heals, and gas exchange abilities are sufficiently 
restored. 

   Extracorporeal Life Support 
 ECMO was first widely accepted and used in the mid 

1970s and was based on the work and ideas of Dr. John 
Gibbon who invented the first heart-lung machine using 
primitive oxygenation methods. It was not until the mid 
to late 70s that ECMO was successfully and repeatedly 
used for life support (55). It has been widely used for the 
treatment of over 40,000 critically ill patients of all ages 
and has traditionally been used to treat patients with com-
promised respiratory function; a large percentage of these 
patients are neonates and infants (56). Studies have shown 
that neonates tend to have a lower mortality rate than 
adults (57), and this may be attributed to a reduction in 
hemodynamic and circuit stress due to lower flow rates, 
respectively (58). Survival rates near 72% in newborns 
and 74% in children have been achieved using ECMO 
(59). A recent retrospective multi-center database study 
showed that for adults presenting with respiratory failure 
who were supported with ECMO, there was a 50% sur-
vival rate (56,60). 

 The role of ECMO is to return the patients physiological 
parameters to within normal limits by taking over for the 
injured lungs. When on ECMO, the patient’s tissue oxygen 
delivery and carbon dioxide removal are managed via the 
extracorporeal circuit (58). ECMO is used for patients that 
need respiratory or circulatory support due to underlying 
health conditions that compromise their native systems. 
For this reason ECMO has become an effective and an 
ever growing means of life support for patients with H1N1, 
allowing patients to bridge the gap from respiratory dis-
tress to total body recovery. 

 When ARDS develops as a result of a severe influ-
enza infection, and prior treatments prove ineffective, 
ECMO is often used in a timely fashion to attenuate 
the possible occurrence of multiple system organ failure 
(25,61). The majority of patients treated with ECMO are 
patients with advanced and life threatening ARDS (52). 
To assess the degree of respiratory failure and determine 
whether ECMO support is indicated, the Murray scoring 
system is used. A Murray score is based on the patients 
PaO 2 /F i O 2  ratio, PEEP, dynamic lung compliance, and the 
number of quadrants infiltrated on a chest radiograph (62). 
A Murray score of ≥3 or a PaO 2 /F i O 2  ratio of <50 is usually 



272

JECT. 2010;42:268–280

E. DELANEY ET AL.

an indication for ECMO utilization (52 ). According to the 
Extracorporeal Life Support Organization (ELSO), a PaO 2  
of less than 80 mmHg on an FiO 2  of 1.0, and/or hypotensive 
shock while being optimally treated with two vasoactive 
drugs are indications for ECMO (56). 

 ECMO should be implemented within 6 or 7 days of 
initiating mechanical ventilation, and before the irrevers-
ible fibro proliferative phase of infection begins (47,60). 
The timing of ECMO implementation is considered with 
respect to symptom onset to minimize reperfusion injury. A 
recent study suggests that ECMO should be implemented 
before severe tissue hypoxia occurs, so that the damage 
associated with uncontrolled reactive oxygen species can 
be minimized, allowing endogenous antioxidants to main-
tain functionality (63). According to ELSO, when ECMO 
is used within 6 days of intubation, survival rates can be as 
high as 72%, as opposed to 30% after 7 days (47). 

 Due to the risks associated with ECMO, such as intracra-
nial hemorrhaging, it is only used in the treatment of criti-
cally ill patients and performed in experienced centers with 
adequate equipment. The limiting factors with respect to 
ECMO utilization are equipment availability and health-
care staff with expertise in ECMO management. 

   ECMO Equipment and Techniques 
 ECMO circuits are comprised of a pump, tubing, oxy-

genator, heat exchanger, and often times other ancillary 
equipment such as a hemoconcentrator and safety moni-
toring devices. According to ELSO, servo-regulated occlu-
sive roller head pumps are the most common type of 
ECMO pump. However, the centrifugal pump has proven 
to be very effective and safe due to its afterload dependent 
traits, and it has recently become more popular for ECMO 
use (64,65). Precautions need to be taken with respect to 
the potential for retrograde flow if the pump stops dur-
ing ECMO bypass while using centrifugal technology (47). 
Anticoagulation with heparin must also be practiced to 
prevent blood clot formation at the artificial interface cre-
ated during extracorporeal circulation (57). 

 The recent development of the poly-4-methyl-1-pentene 
(PMP) diffusion membrane allows for the use of hollow-
fiber technology with a true (nonmicroporous) membrane. 
This has enabled the use of this low resistance device with 
all its inherent advantages, without plasma leakage neces-
sitating circuit change out (66). Quadrox D ®  (Maquet, 
Rastatt, Germany) PMP oxygenators ( Figure 1  ) are used 
in about 75% of adult ECMO cases as opposed to the hol-
low fiber oxygenators commonly used during cardiopul-
monary bypass. The new Quadrox-iD has been developed 
for use on pediatric patients. It has a decreased surface 
area and prime volume all while maintaining the same ben-
efits of the PMP technology. Studies have shown that the 
long-term use of microporous hollow fiber oxygenators 
leads to plasma leakage and eventual impairment of gas 

exchange (65). Additionally it is imperative that the mem-
brane oxygenator be mounted below the level of the patient 
to avoid entraining air in the micropores (47). 

 Approximately 67% of ECMO centers primarily use 
heparin bonded circuits such as the Carmeda ®  (Medtronic, 
Inc., Minneapolis, MN) coating (65). Alternate    surface 
coatings include the SmartX ®  (Sorin, Arvada, CO) and 
Physio ®  (Sorin) both of which use a polycaprolactone 
polysiloxane and polycaprolactone polydimethylsilox-
ane surface coating, respectively. Terumo has developed 
the X-coating ®  (Terumo, Ann Arbor, MI) which uti-
lizes a poly-2-methoxyethylacrylate surface coating. 
Medtronic’s Trillium ®  coating is an improvement to 
their previous Carmeda ®  coating that utilizes polyethyl-
ene oxide and heparin, which resists flaking to a greater 
degree than the covalently bonded coating Carmeda ® . 
For a patient with heparin-induced thrombocytopenia, 

  Figure 1.     Maquet Quadrox D (top) and Quadrox iD (bottom) PMP oxy-
genators (Maquet, Rastatt, Germany). Quadrox D has a 250 mL prime 
volume with a flow range of .5–7 L/min. Quadrox iD has a prime volume 
of 81 mL and a flow range of .2–2.8 L/min.    
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the SmartX ® , Physio ® , and X-coating ®  are indicated since 
they are heparin free. 

 Most ECMO circuits incorporate a heat exchanger, 
cooler-heater, and safety devices such as a flow meter 
and bubble detector (58). According to a recent survey 
by Sutton et al. (67) of 49 registered ECMO centers, 67% 
used point-of-care blood gas devices, 71% used a bubble 
detector, 95% used an in-line arterial/venous oxygen satu-
ration monitor, and 70% used cerebral saturation monitor-
ing devices ( Table 1            ). Additionally, 37% of the centers used 
the Thromboelastograph® (TEG ® , Haemonetics Corp., 
Braintree, MA), and 61% used a plasma-free hemoglobin 
monitoring device to provide better quality ECMO care. 

 ECMO that is used for isolated respiratory support 
typically utilizes venovenous cannulation ( Figure 2  ). The 
majority of patients with severe ARDS are managed with 
venovenous ECMO (43). In adults presenting with ARDS, 
blood flows of at least 60 mL/kg/min are advised to main-
tain adequate whole body perfusion (43). 

 Venovenous ECMO is less challenging than venoarte-
rial and many centers have proposed the use of simplified 
circuits to make this more easily managed by the critical 
care staff ( Figure 3  ). Venovenous cannulation exclusively 
supports the respiratory function of the patient (57). It is 
the preferred method of cannulation for H1N1 patients not 
experiencing cardiac failure, because of the lower rate of 
associated complications (64,68). Blood is generally drained 
from the body via the femoral vein, passed through the 
membrane oxygenator of the ECMO circuit, and returned 
to the body via the contralateral femoral vein. Additionally, 
venovenous ECMO may use cannulation via the right 
jugular vein or directly into the right atrium. An alterna-
tive to using two cannulae for venous-venous ECMO is 
the single, bicaval, dual lumen cannula, called the Avalon 
Elite ®  (Avalon Laboratories, Rancho Dominguez, CA). It 
is placed percutaneously in the right internal jugular vein 
and simultaneously drains blood from the vena cavae and 
returns blood to the right atrium ( Figure 4  ). Typically, in 
adults, a 27 Fr to 31 Fr Avalon cannula is inserted using 
the Seldinger technique and in some cases transesophageal 
echocardiography is used to ensure proper placement of 
the dual lumen cannula (43). Studies show that venovenous 
ECMO may be associated with fewer complications and 
mortality as compared to venoarterial ECMO (69,70). 

 Venoarterial ECMO is used in patients experiencing 
respiratory and hemodynamic shock that may be associated 

  Figure 2.     Simple veno-venous ECMO circuit with cannulation of the 
right atrium and femoral vein.    

  Figure 3.     Simplified veno-venous ECMO circuit with a Quadrox D PMP 
oxygenator. Figure courtesy of Robert Brown.    

  Table 1.       Safety devices used during ECMO based on a 2007 sur-
vey of registered ECMO centers   . 

Frequency of Monitoring and Safety Devices Utilization

CDI ™ * in-line blood gas monitoring 23 (55%) 19 (45%)
Point-of-care blood gases 29 (67%) 14 (33%)
Oxygen analyzer 20 (50%) 20 (50%)
In-line venous/arterial oxygen saturation 39 (95%) 2 (5%)
Venous line pressure 37 (90%) 4 (10%)
Arterial line pressure 33 (83%) 7 (17%)
Blood flowmeter 31 (76%) 10 (24%)
Pre and post oxygenator pressure 40 (93%) 3 (7%)
Bubble detector 30 (71%) 12 (29%)
Expired CO 2 18 (46%) 21 (54%)
Battery back-up 41 (98%) 1 (2%)
Data management system 

(computerized charting)
18 (45%) 22 (55%)

Cerebral oximetry 28 (70%) 12 (30%)

    *CDI™, Terumo Cardiovascular, Ann Arbor, MI. 
Table from Sutton et al. (67), A 2007 survey of extracorporeal life sup-
port members: Personnel and equipment. J Extra Corpor Technol. 
2009;41:172–9.  
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with pandemic H1N1 infection (43). Typically venoarterial 
ECMO is considered for cardiac support because it is used 
during heart failure following cardiac surgery ( Figure 5  ). 
For this method of ECMO, blood is drained from the internal 
jugular vein, right atrium, proximal vena cava, or femoral 
vein, and returned to the circulation by way of right com-
mon carotid artery, axillary artery, femoral artery, or the 
aorta (proximal to the head vessels) (64). Percutaneous 
cannulation of the femoral artery may be performed using 
a 17 or 19 Fr cannula such as the Bio-Medicus ®  Carmeda-
Coated Cannula, (Medtronic, Inc., Minneapolis, MN) and 
cannulation of the femoral vein may be performed using a 
25 Fr multi-port cannula such as a Bio-Medicus ®  Carmeda 
Coated Cannula, (Medtronic, Inc.) (33). Distal limb 

perfusion is typically provided using a 8.5 Fr cannula such 
as the Super Arrow-Flex ®  Percutaneous Sheath (Arrow 
International, Inc., Reading, PA) (71). Venoarterial ECMO 
alleviates the workload of the heart and lungs, allowing 
time for cardiac and respiratory recovery with an emphasis 
on the cardiac support that it provides. 

 The patient is weaned from ECMO when gas exchange 
can be maintained at a FiO 2  of less than .30 (57). Prophylactic 
low molecular weight heparin is often used post ECMO 
to attenuate the likelihood of deep vein thrombosis and 
thromboemboli at the cannulation sites (47). 

 Khan et al. (72) cited ECMO as an accepted therapy to 
treat life threatening complications following lung trans-
plantation such as primary graft dysfunction, acute rejec-
tion, or airway dehiscence. ECMO using the Levitronix 
CentriMag ®  pump (Levitronix, Waltham, MA) may be ideal 
for medium term support for lung transplant recipients suf-
fering serious complications. Khan et al. cited the need for 
larger studies to elucidate the efficacy of the device (72). 
Herlihy et al. demonstrated in two case studies the use of 

  Figure 4.     Avalon Elite ®  bi-caval dual lumen catheter placement. Catheter 
is inserted percutaneously via the internal jugular vein into the vena 
cavae and right atrium. Notice the cannula fenestrations in the superior 
and inferior vena cava where deoxygenated blood is removed from the 
patient. Oxygenated blood is then returned to the right atrium via the 
alternate lumen of the catheter.    

  Figure 5.     Typical veno-arterial ECMO circuit with safety devices and 
monitoring ports. Figure courtesy of Robert Brown.    

  Figure 6.     TandemHeart ®  ECMO circuit. The centrifugal pump is driven 
by a three phase, brushless, DC servomotor, has a 10 cc prime volume, 
and is capable of delivering flows up to 5 L/min.    
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the tandem heart as an “off label” option for ECMO in 
patients with cardiopulmonary failure (73). An advantage 
of ECMO in combination with the TandemHeart ®  (Cardiac 
Assist Inc, Pittsburgh, PA) ( Figure 6  ) or CentriMag ®  pump 
( Figure 7  ) is utilization of one circuit to support both the 
ventricles and lungs (72,73). 

 ECMO circuitry precautionary measures should be 
embraced when a circuit is constructed, primed, and stored 
for later use. Sievert et al. (65) have reported that approxi-
mately 60% of centers that perform ECMO keep a primed 
circuit on hand at all times. A recent study showed that wet 
storage led to higher leaching of di-(2-ethylhexyl) phtha-
late plasticizer (DEHP) from the polyvinyl chloride tub-
ing commonly used in ECMO circuits (74). The leaching 
of DEHP, which is thought to be carcinogenic, depends 
primarily on how long the wet circuit is stored and the 
priming solution used. DEHP is also considered a potent 
inflammatory mediator, which needs to be carefully con-
sidered when it is used in ECMO circuitry (75–77). 

 As of February 2010, the CDC reported that there have 
been at least 3376 laboratory confirmed H1N1 deaths in the 
United States (78). Precautionary measures such as immu-
nization, frequent hand washing, and avoiding potentially 
infected individuals are the best means of reducing infec-
tion and slowing the spread of the pandemic. Although the 
effects of H1N1 are extremely detrimental, advances in 
medical technology and the use of previously applied sup-
port systems, such as ECMO, provide beneficial treatments 
for severely compromised patients. Hospitals throughout 
the world are coming up with new innovative circuits to 
efficiently support infected patients (79). 

 According to a prospective study regarding the 2009 
Canadian influenza season, critical illness due to influ-
enza A (H1N1) occurred rapidly after hospitaliza-
tion, and was often associated with young adults who 

presented with fewer comorbidities. The Canadian flu 
season, which peaked during the summer months of 
June and July, was associated with severe hypoxia, mul-
tisystem organ failure, prolonged ventilatory support, 
and frequent use of rescue therapies such as vasoac-
tive drugs and inotropes (80). Of the 168 RT-PCR con-
firmed cases of pandemic H1N1, the mean age was 32.3 
years, with 67.3% of the female gender. Only 30.4% of 
the total patient population presented with comorbidi-
ties such as chronic lung disease, hypertension, and obe-
sity. Of the 168 patients studied, 29 of them expired; the 
majority with ARDS and hypoxic complications as the 
major cause of death (80). This study showed that by uti-
lizing critical care technologies, especially ventilators, the 
majority of the patients presenting with confirmed pan-
demic H1N1 and ARDS could be assisted to recovery 
and eventual hospital release. 

 Currently no standard protocol for care of H1N1 has 
been developed. In addition to managing evident symp-
toms, it is important to consider ECMO as a potential 
treatment for the critically ill. As published in a recent 
study found in the November 4th issue of the Journal of 
the American Medical Association (81), emergent H1N1 
cases that were treated with ECMO proved to be largely 
successful. According    to Andrew Davies, MBBS and col-
leagues of Monash University and Alfred Hospital in 
Melbourne, Australia, 68 patients were supported with 
ECMO during the Southern Hemisphere’s 2009 influenza 
season, and 54 patients survived as of September 7, 2009 
after being weaned from ECMO (81). The study showed 
that the most common comorbidities for those who did not 
survive were obesity (50%), asthma (28%), and diabetes 
(15%). Hemorrhagic complications were also quite com-
mon in the patients undergoing ECMO, and these compli-
cations occurred in 54% of the patients in the study. The 
most common sites for bleeding were cannulation sites 
(22%), respiratory (10%), and gastrointestinal    tract (10%). 
Several of the 14 fatalities were attributed to intracranial 
hemorrhage (81). The average duration of ECMO support 
for the 68 patients in the series was 10 days (82). 

 It would be negligent not to assess the downfalls of 
ECMO treatment. High medical costs of approximately 
$2,000 a day (83), prolonged hospital stays, and the asso-
ciated risks of hemorrhage and nosocomial infection are 
major ECMO-associated risks. Other risk factors include 
circuit clotting, oxygenator failure, air bubbles, and mechan-
ical device errors. Due to the high degree of potential com-
plications, patients undergoing intensive ECMO therapy 
require 24 hour monitoring. In addition, an ECMO special-
ist must be present in the hospital at all times to deal with 
any mechanical malfunctions or device failures (64). 

 Some contraindications of ECMO are multiple organ 
failure syndrome, unresponsive septic shock, uncontrolla-
ble metabolic acidosis, central nervous system injury, and 

  Figure 7.     CentriMag ®  ECMO circuit. This extracorporeal blood pump is 
bearingless, works by magnetic levitation, and has been approved as a 
right ventricular assist device for up to 30 days. It has a 31 mL prime vol-
ume and is capable of delivering flows up to 10 L/min.    
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patients unlikely to survive even with ECMO support (64). 
According to ELSO, depending on the level of leucopenia, 
concomitant immune suppression is also considered a 
contraindication. 

   Potentially Available Capacity 
 As of May 2010, 126 ECMO programs were registered 

with the Extracorporeal Life Support Organization in the 
United States (56). It is common for an ECMO center to 
have the capacity to operate only two ECMO systems at 
once. It has been stated that even if only a small portion of 
people who acquire pandemic H1N1 become sick enough 
to need ECMO support, there still could be the overwhelm-
ing number of 10 million people that need ECMO (83). 
Currently, all of the ECMO centers in the world could not 
supply ECMO services to such a large number of patients 
(83). As the potential scale of the pandemic increased, 
there would be an associated diminishment of the essen-
tial resources available to provide ECMO support. If the 
demand for extracorporeal support overwhelms the tradi-
tional ECMO methodology, one innovator suggested the 
potential for converting dialysis equipment to perform 
extracorporeal oxygenation and support (84). By incorpo-
rating an oxygenator and making a few minor alterations, 
dialysis technology could help alleviate the deficit between 
supply and demand for extracorporeal equipment and the 
associated advanced care. Another new technology that 
could change the quality of ECLS care is the portable 
ECMO system. Portable ECMO systems have provided 
effective inter-hospital transport of critically ill patients, as 
well as improved care for emergent cases. By utilizing an 
experienced ECMO team, patients can be transported to 
specialized ECMO centers where they can receive dedi-
cated treatment from ECLS specialists. 

 According to a recent publication regarding the 2009 
influenza season in Victoria, Australia, small diversion 
influenza clinics helped to relieve larger hospitals from 
the overwhelming demand for clinical diagnosis and initial 
care for influenza-like symptoms (85). This conserved hos-
pital resources (staff, intensive care unit (ICU) beds, and 
ECMO equipment) for diagnostically confirmed, critically 
ill patients. ELSO suggests that ECMO centers should be 
located in tertiary centers that are able to support a mini-
mum of six ECMO patients a year under normal circum-
stances (47,53). Due to the very invasive, complex, and 
demanding characteristics of ECMO, centers that perform 
a high volume of ECMO each year have better survival 
rates (86). Regionalization of patient care associated with 
pandemic influenza allows primary centers to accumulate 
experience in dealing with and managing the most criti-
cally ill patients, while reserving other larger hospitals for 
routine patient care (56,87). By accumulating experience at 
a select few centers, potentially lifesaving clinical trials can 
be streamlined, and collaborative measures can be more 

readily executed (88). By utilizing ECMO centers with 
extensive experience in the field, patient morbidity and 
mortality could be greatly reduced. Incentive reimburse-
ment programs based on the benefit of care provided, and 
improved patient outcomes, should motivate hospitals and 
health professionals to embrace proven technologies while 
maintaining the patient’s best interest (89). 

 In order for best practice policies to be effective, finan-
cial concerns regarding ECMO as an optional treatment 
must be considered. According to the American Medical 
Association, in 2007, the cost of ECMO treatment con-
sisted of, 10.53 relative value units for cannula insertion, 
27.09 relative value units for the first 24 hours of ECMO 
care, and 15.24 relative value units for each additional 
24 hours of ECMO support (68,90). The costs of infection 
control and isolation practices also add to the burden on 
the already financially overwhelmed healthcare system 
(91). With the threat of a pandemic outbreak and a fiscally 
limited healthcare system hanging in the balance, critical 
decisions regarding resource planning and management 
command a high degree of ethical responsibility. 

 Influenza pandemics come in waves, and according to 
recent model projections, the world is overdue for another 
pandemic of global proportions (92,93). A global pandemic 
of any scale presents health care providers with the neces-
sity to make critical decisions based on ethical standards. 
As hospitals become overwhelmed with patients in dire 
need of advanced care, medical personnel are faced with 
the allocation of critical resources including time, space, 
and medications. According to the Journal of American 
Medical Association, the health care systems of both 
Canada and Mexico struggled to meet the demands of the 
2009 influenza outbreak in their respective regions (87). 

 Understanding the epidemiology of a pandemic threat is 
a crucial step in developing higher quality diagnostic tech-
niques and therapeutic services that can be used to improve 
patient outcomes (94). The role of ECMO must be criti-
cally evaluated based on its resource-intensive nature and 
its role in patient treatment. Assessing the scope and scale 
of a global pandemic is the first step in determining the 
potential role and expanse of ECMO treatment. As a pan-
demic develops over time, more data are collected, and the 
scope and scale are reevaluated to determine an updated 
account for resource allocation. Sequential triage methods 
are used as estimates of demand-capacity change, and time 
progresses. Sequential triage methods illicit changes in the 
interventional care threshold based on resource scarcity 
as demand increases due to global proliferation of a pan-
demic agent (39). Relief-demand and urgency forecasting 
should be used to optimally prepare regional centers for 
the true potential scale of an influenza pandemic (95,96). 
Guidelines should be established for the criteria deter-
mining patient referral and transport to regional ECMO 
centers. The events surrounding Hurricane Katrina tested 
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the competency of traditional triage methods. Advanced 
planning, clear guidelines, and predetermined protocols 
regarding resource management are imperative implemen-
tations that must be embraced in preparation for the next 
natural disaster, particularly an influenza pandemic (97). 

   Ethics Behind ECMO and Allocation Planning 
 A recent publication in the Journal of Critical Care 

Medicine suggested that it would be profoundly unethi-
cal to neglect gaining valuable scientific research during 
a time of global crisis (94). The article suggests that to be 
medically and professionally responsible, protocols should 
be mandatory, and organized methodical research should 
be conducted. The complete experience of each pandemic 
must be accurately captured and recorded for analytical 
and methodological research to provide stepwise progress 
toward improving patient outcomes (39,98). According to 
Cook et al., “Failure to improve outcomes through rigor-
ous efficient investigations during a pandemic is as ethi-
cally irresponsible as failing to provide care itself” (94). 

 Modeling studies suggest that a disaster similar in propor-
tion to the 1918 influenza pandemic would require some-
where between 200% and 400% of the current ICU beds 
and ventilators available in the United States (99). On a 
regular basis the typical ICU operates at greater than 90% 
occupancy, and has very little available surge capacity (100). 
Models for the allocation of disaster relief funds are in place 
for natural disasters, terrorist attacks, and other global cat-
astrophic events (96,101,102). In 2005, Hurricane Katrina 
caused billions of dollars in damage, and accentuated the 
inadequacies of current management strategies (103). 

 Current allocation strategies largely embrace the first 
come first serve approach, and focus on treatment of those 
likely to expire without interventional care (104). The army 
and civil protection agency have a four-level injury assess-
ment system that rates patient condition based on viability 
and the level of care needed to ensure survivorship (105). 

 In an emergency situation when the supply of vital 
health care resources, including personnel, cannot meet 
demand, the only way to satisfy the equation is to decide 
who will get the limited resources and in what order. When 
it comes to widespread disasters that stress the healthcare 
system, such as pandemic influenza, there are several ethi-
cal schools of thought regarding resource management and 
allocation. The “Broad Social Value” viewpoint refers to 
the overall worth of an individual to society. It attempts to 
determine, based on summary judgments, if the past and 
future contributions of an individual support the common 
good of the community (106). Based on that judgment, the 
individual is provided with or denied the limited, poten-
tially lifesaving resource. 

 Another school of thought regarding the ethics of 
resource management is “Instrumental Value,” also known 
as the “Multiplier Effect.” This ideology suggests that the 

premise for an individual receiving a limited resource is 
based on his or her ability to carry out a specific function 
that will, in turn, prevent further disintegration and assist 
in crisis management (107). Treatment of doctors, health-
care professionals, and people in leadership positions take 
precedence over other individuals. By prioritizing key 
“instrumental” individuals who can provide essential ser-
vices to the public, there would be more of a potential sup-
ply of critical services, and ultimately more lives would be 
saved (106). 

 Other ideologies relating to the ethics of resource allo-
cation include “Maximizing Life-Years” and the “Life 
Cycle” principle. The “Maximizing Life-Years” principle 
suggests that priority should be given to the individual 
who has the greatest chance of surviving for the longest 
period of time, assuming all other variables (age, race, 
gender, comorbidities) are equal (106). The “Life Cycle” 
principle advocates giving each individual an equal oppor-
tunity to live through the various “phases” of life, and it 
does not directly consider intrinsic worth or social utility 
(108). It supports the prioritization of younger individuals 
based on “intergenerational equity” and the “fair innings” 
theology (109). This consideration has interesting impli-
cations in that it tends to sacrifice experience for youth. 
From an ethics standpoint, it lends itself to little interpre-
tation. It allows difficult, potentially biased decisions of 
who will get the limited care to be a little more protocol 
oriented. 

 By practicing a multi-principle approach to allocation, 
so as not to use any one attribute as an absolute determi-
nant of care, one can alleviate some of the ethical weight 
associated with critical decision making. A multi-principle 
approach would clarify the difference between a potentially 
healthy older individual and an individual of the same age 
with preexisting, potentially preventable comorbidities, 
based on a point system. Use of a Sequential Organ Failure 
Assessment scoring system would help to determine who 
would get care based on the outcome of the scoring algo-
rithm (106,110). 

 A conglomerate of the aforementioned ideologies 
should take into account the greatest number of possible 
variables. By reducing bias and considering the need for 
vital resources and services, pandemic protocols can be 
implemented prior to an actual outbreak. “The value of 
observational data in predicting potential resource utiliza-
tion in the near term and for future pandemics cannot be 
overemphasized.” (81). 

    SUMMARY 

 Models have forecasted that the genetic shifting within 
the influenza A genera will continue, and over time it will 
produce highly virulent pathogenic strains of influenza for 
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which mankind has little or no immunity (111,112). The 
overwhelming demand for advanced life support technolo-
gies and services such as ECMO could not possibly be met 
without sufficient planning, education, and preparation. 
Critical allocation strategies need to be studied and appro-
priate policies and protocols need to be developed and 
assessed. The best method of mitigating pandemic effects 
is to prepare a protocol oriented defense strategy from 
an ethical standpoint that clearly defines resource allo-
cations. Strategies rooted on evidence based studies, data 
collection, and the scale of disaster should be continually 
reassessed (39,98). Extracorporeal life support will play 
a vital role in the preservation of life. Prospective studies 
that define the detailed role and implementation timing of 
ECLS are essential, and will aid in improving the quality 
of care and management. Continual exhaustive monitor-
ing, technological improvement, advanced planning, and 
historical record analysis are areas of consequential and 
paramount importance with regards to ECLS utilization to 
mitigate disaster. 
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